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Abstract—This study provides a comprehensive analysis of
the energy efficiency performance for different relaying schemes
over the non-Gaussian power line communication (PLC) chan-
nel. Specifically, amplify-and-forward (AF), decode-and-forward
(DF), selective DF (SDF) and incremental DF (IDF) relaying
systems are investigated. For a more realistic scenario, the
power consumption profile of the PLC modems is assumed to
consist of both dynamic and static power. For each system, we
derive accurate analytical expressions for the outage probability
and the minimum energy-per-bit performance. For the sake
of comparison and completeness as well as to quantify the
achievable gains, we also analyze the performance of a single-hop
PLC system. Monte Carlo simulations are provided throughout
the paper to validate the theoretical analysis. Results reveal that
AF relaying over the non-Gaussian PLC channel does not always
enhance the performance and that the IDF PLC system offers
the best performance compared to all other schemes considered.
It is also shown that increasing the channel variance, which
is related to the PLC network branching, and impulsive noise
probability can considerably deteriorate the system performance.
Furthermore, when the end-to-end distance is relatively small, it
is found that the single-hop PLC approach can perform better
than AF relaying.
Index Terms—Energy efficiency, impulsive noise, incremental
DF, log-normal fading, selective DF, outage probability, power
line communication (PLC).
I. INTRODUCTION
THE power line communication (PLC) technology exploitsthe existing and pre-installed electric wires for data trans-
missions despite their unfavorable signal propagation at higher
bands. The main advantage of PLC resides in the significant
reduction of deployment costs and the elimination of hard-
to-reach access problem in buildings and power grid. PLCs
promise many applications for both indoor and outdoor en-
vironments, including home-networking, control applications,
smart metering etc [1]–[3]. In addition, future PLC systems
are envisioned as an integral part of 5G networks to provide
wireline backhaul for wireless access points. However, for re-
liable communications over these cables, many practical chal-
lenges must to be overcome such as the non-Gaussian noise,
distance-dependent attenuation, frequency selectivity and elec-
tromagnetic compatibility (EMC) issues [4]–[6]. Multi-carrier
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modulation schemes such as orthogonal frequency-division
multiplexing (OFDM) and relaying protocols (both cooper-
ative and non-cooperative) are two effective strategies, able
to marginalize the severity of the aforementioned challenges
[7]–[10]. Over the past decade, numerous relaying protocols
have been presented in the literature attempting to enhance the
performance and quality of PLC links. The two main protocols
are: amplify-and-forward (AF) and decode-and-forward (DF)
[9]–[11]. It is shown that remarkable capacity improvements
can be attained with the use of relays and that the PLC system
reliability can be further improved by increasing the number of
relaying modems in comparison to the direct-link transmission.
However, increasing the number of relays increases the total
power consumption due to the static power of each modem
(i.e., the power consumption associated with the circuitry)
[12].
In recent years, a number of studies have appeared in
the literature investigating the issue of energy efficiency in
relaying PLC systems [13]–[15]. Following this considerable
research attention devoted to energy efficiency in PLCs in
recent times, it is set to become a critical design criterion
in future PLC networks. These studies considered different
relaying and power consumption profiles of PLC modems to
reduce transmit power. This is mainly achieved by optimizing
the system parameters such as time slot allocation, relay
position, etc. Unlike the previous work, the authors of [16],
[17] proposed harvesting the unwanted high impulsive noise
energy at the relay to further enhance the energy efficiency of
relaying PLC systems. Several relaying and energy-harvesting
protocols were investigated. For instance, in [16], [18] the
authors considered an AF dual-hop relaying PLC network with
time-switching relaying for energy harvesting. The study in
[17] analyzed the energy efficiency performance of a DF dual-
hop relaying PLC system with time-switching relaying. In this
work, the authors implement and discuss several frequency
selection and power allocation strategies such as optimal
frequency selection, random frequency selection and equal
power allocation.
Despite all the work done on this topic, to the best of the
authors’ knowledge, a comprehensive and in-depth theoretical
performance analysis of relaying PLC systems is still missing
in the literature. This analysis will grant better understanding
on system behavior in different scenarios which is necessary
for efficient design of practical PLC systems. This paper is
therefore dedicated to analyze the outage probability and en-
ergy efficiency of various relaying schemes over outdoor PLC
channels. More specifically, we consider practically most rele-
vant AF, DF, selective DF (SDF) and incremental (IDF) trans-
mission strategies. Note that the first two schemes are non-
cooperative whereas the last two are cooperative schemes. In
order to highlight the achievable gains of each scheme as well
as for completeness sake, we also analyze the performance of a
single-hop PLC system, i.e, direct transmission without relay.
Two performance metrics are adopted in this work, namely, the
average outage probability and the energy efficiency in terms
of the energy-per-bit performance. The main contribution of
this paper resides in deriving accurate analytical expressions
for the average outage probability and energy efficiency of
the transmission strategies above. Computer simulations are
presented to corroborate the theoretical analysis. The derived
analytical expressions are used to assess and gain insights into
the systems performance and design in different environments
as well as to make comparisons between the performance of
the different systems under consideration.
The results reveal that AF relaying over the non-Gaussian
PLC channel does not always enhance performance compared
to the single-hop system, specially when the noise is very
impulsive and/or when the end-to-end distance is relatively
small. It is also presented that the IDF PLC scheme offers
the best performance in comparison to the other schemes
under study followed by the SDF PLC approach. When
the energy processing cost of the DF relay is not taken
into account, the AF PLC system has slightly worse energy
efficiency performance relative to the DF PLC one which
indicates that the former scheme might still be attractive in
applications where complexity is the main parameter in system
design. Finally, it is found that increasing the impulsive noise
probability and/or its amplitude, the channel variance (which
is related to the network branching) will considerably degrade
the performance1.
The rest of the paper is organized as follows. Section II
presents the system model. Section III analyzes the aver-
age outage probability and energy-per-bit performance of the
single-hop, AF, DF, SDF and IDF relaying systems. Numerical
examples and simulation results are discussed in Section IV.
Finally, Section V concludes the paper.
II. SYSTEM MODEL
The relaying PLC systems considered in this study consist
of a source modem (S), a relaying modem (R) and a destina-
tion modem (D). The source-to-relay, relay-to-destination and
source-to-destination channel coefficients are complex values
with log-normally distributed amplitudes [20], denoted as h1,
h2 and h0, respectively, with the corresponding distances being
d1, d2 and d0 = d1+d2. The means and standard deviations of
10log10(hm) are denoted as µm and σm, respectively, where
m ∈ {0, 1, 2}. Hence, the probability density function (PDF)











1Note that part of this paper was presented at the IEEE ICC 2017 [19].
where zm = h2m and ζ = 10/ln (10) is a scaling constant.
The cable losses are modeled as A (f, dm) = exp (−αdm) ,
where α = ao + a1 fk is the attenuation factor, f is the
operating frequency, k is the exponent of the attenuation factor,
dm is the distance, and ao and a1 are constants determined
from measurements which depend on the network topology
and structure [4], [21], [22].
Five transmission strategies are studied, namely, single-hop,
AF relaying, DF relaying, SDF relaying and IDF relaying.
Note that AF and DF are non-cooperative schemes since the
destination modem can only received and decode the relayed
signal from the relay whereas SDF and IDF are referred to as
cooperative schemes because they are able to also exploit the
direct signal from the source modem along with the relayed
one. The energy efficiency in this study is calculated as the
transmit energy-per-bit, which is basically the total transmit
power over the data rate. The adopted power consumption
profile in our analysis takes into account not only the dynamic
power but also the static power of the PLC modems consumed
by the circuitry; for more details, the reader may refer to [14],
[23].
Furthermore, to accurately characterize the PLC channel
impairments, the noise at all modems is assumed to consist
of both background noise (nw) with variance σ2w and impul-
sive noise (ni) with variance σ2i . The well-known Gaussian-
Bernoulli noise model is used to characterize these noise
components in which the probability occurrence of impul-
sive noise is represented by p [24]. The variances σ2w and
σ2i define the signal-to-background noise ratio (SBNR) and
the signal-to-impulsive noise ratio (SINR), respectively, as









that for ease of notation and without loss of generality, the
noise characteristics at all modems are assumed to be identical.
III. PERFORMANCE ANALYSIS
In this section, we analyze the average outage probabil-
ity and energy efficiency performances of the transmission
schemes discussed above.
A. Single-hop PLC System
In the single-hop approach, the source communicates di-
rectly with the destination modem. In this case, the energy-
per-bit performance can be calculated as
Eb,SH =







where Eb,SH is the energy/bit of the single-hop system, P ∗SH
is the optimal transmit power for a given outage probability,
i.e., the minimum transmit power to achieve a certain outage
probability, Rb = ξB is the data rate in bits/s, ξ is the spectral
efficiency, B is the system bandwidth in Hz, PTxstc and P
Rx
stc are
the static powers of the transmitting and receiving modems,
respectively. It should be highlighted that the static power is
circuitry-specific; therefore, to minimize the overall energy
consumption, the transmit power must be minimized.
We now derive the average outage probability for this
system. To begin with, the received signal at the destination
modem in the single-hop case can be written as
yD =
√
PSH A (f, d0)h0 x+ nw + ni, (3)
where PSH is the source transmit power and x is the source
information signal.
The SBNR at the destination can simply be expressed as
γD =





In impulsive noise channels, such as the power line channel,
the outage probability can be determined as follows [25], [26]




pi log2 (1 + γD,i) < ξ
}
, (5)
where the superscript {SD} denotes the source-to-destination
link, p0 = 1 − p, p1 = p, γD,0 = γD, γD,1 = γD/β and
β = 1 + σ2i /σ
2
w.
To simplify our analysis, we use the high signal-to-noise
ratio (SNR) approximation. In light of this, we can reduce (5)
to











which, with some basic mathematical manipulations, can also
be written as




























It is clear that the expression in (7) basically represents the
cumulative distribution function (CDF) of γD. Hence, (7) can
be expressed as





where FγD (·) denotes the CDF of γD.
From (4), one can see that γD has log-normal distribution
because h20 is log-normally distributed. Consequently, and
using the properties of log-normal distribution, the average

















where Ξ0 = PSH A (f, d0) /σ2w.
Now, fixing the average outage probability at the limit P ∗out
and using (9), it is easy to show that the minimum transmit













Finally, substituting (10) into (2) yields the energy-per-bit
performance of the single-hop PLC system.
B. Amplify-and-Forward (AF) Relaying PLC System
This section focuses on the performance of AF PLC sys-
tems. The energy-per-bit performance of this scheme is given
by
Eb,AF =







where Eb,AF is the energy/bit of the AF relaying system, P ∗AF is
the optimal transmit power for a given outage probability. It
is worthwhile noting that a parameter N has now appeared
in the denominator of (11). Note that N = 2 for all the
relaying schemes considered from now onward because in
dual-hop relaying, the overall throughput is reduced to half
since the end-to-end communication is accomplished over two
time slots, instead of one in the single-hop scheme.
The overall outage probability of this system is obtained
as follows. The end-to-end communication requires two time
slots. In the first time slot, the source modem transmits its
signal to the relay where the received signal can be written as
yR =
√
Ps,AF A (f, d1)h1 x+ nw + ni, (12)
where Ps,AF is the source transmit power.
In the second time slot, the relay amplifies and forwards the
source message to the destination; hence, the received signal
at the destination can be given by
yD =
√
Ps,AFPr,AF A (f, d1)A (f, d2)Gh1h2 x
+
√
Pr,AF h2A (f, d2)Gnr + nd, (13)
where Pr,AF is the relay transmit power, G is the relay gain
and nr and nd are the total noises at the relay and destination
modems, respectively.
From (13), and substituting X = h21 and Y = h
2
2, the SBNR
at the destination can be expressed as
γD =



















pi log2 (1 + γD,i) < ξ
}
, (15)
where γD,0 = γD and γD,1 = γD/β.





























G2, b = σ2w and c =Pr,AF A (f, d2)
2
G2σ2r , we

























fX (z)FY (z) dz, (20)
where fX (·) is the PDF of X and FY (z) is the CDF of Y .
Note that the random variables (RVs) X and Y are













, respectively. With this in mind, we can ex-



















where Γ = b β
p22ξ













Substituting (21) and (22) into (20), and with some algebraic
manipulations, we can calculate the average outage probability




















Note that although it is challenging to express the average
outage probability (24) in closed-form, a numerical solution
can be easily obtained using software tools. Now, fixing the
outage probability PAFout in (24) at P
∗
out, and using software tools
(specifically the function FindRoot in Mathematica was used),
we can obtain numerical results for the minimum transmit
power. Finally, substituting these values into (11), we obtain
the energy-per-bit performance of the AF PLC system.
C. Decode-and-Forward Relaying PLC System
The relay in this system decodes the received source signal
and then forwards it to the destination. The total energy-per-bit
consumption in this case is calculated as
Eb,DF =












where Eb,DF is the energy/bit of the DF relaying scheme,
P SRout denotes the outage probability of the source-to-relay link
and P ∗DF is the optimal transmit power for a given outage
probability of the overall system. Similar to the AF relaying
approach, the parameter N appears in the denominator of
(25). Note that the first term in (25) represents the energy
consumption when the decoding at the relay is unsuccessful,
i.e., when the data is lost, whereas the second terms denotes
the energy consumption when the decoding is successful, i.e.,
when the data is successfully forwarded to the destination
modem.
To calculate the energy efficiency of this system, we first
derive the overall outage probability. Assuming that the relay
is placed midway between the source and destination modems,









where PRDout is the outage probability of the relay-to-destination
link.
Following the same steps as in Sec. III-A, and, without loss
of generality, assuming that the source and relay have same
transmit power of PDF, the outage probabilities P SRout and P
RD
out
can be respectively expressed as




















where Ξ1 = PDF A (f, d1) /σ2w and Ξ2 = PDF A (f, d2) /σ
2
w.
Note that when the source-to-relay and relay-to-destination
links are identical in terms of fading statistics and distances,
i.e., µ = µ1 = µ2, σ2 = σ21 = σ
2
2 , and d = d1 = d2, the













Now, substituting (27) and (28) into (26) while replacing
PDFout with P
∗
out, we can numerically find the optimal transmit
power (P ∗DF) for a given outage probability P
∗
out. Finally, sub-
stituting the resultant P ∗DF into (25), we obtain the consumed
energy-per-bit for the DF relaying PLC system.
D. Selective DF Relaying PLC System
In this approach, the source transmits its information signal
to the destination during the first time slot which can also be
heard by the relaying modem. In the second time slot, the relay
will decode and forward the received signal to the destination.
The destination then performs selection combining based on
the two received copies from the source and relay during
the two time slots. The relay in this approach will always
cooperate as long as it successfully decodes the received
signal, unlike the IDF scheme as will be discussed later.
With this in mind, we can write the total consumed energy-













) 2P ∗SDF + 2PTxstc + 3PRxstc
NRb
, (30)
where Eb,SDF is the energy/bit in this system, P ∗SDF is the
optimal transmit power for a given overall outage probability
which can be calculated for this case as











Note that the additional PRxstc in (30) is due to the fact that
the destination will be decoding the source signal at the same
time as the relay, during the first time. The probabilities P SDout ,
P SRout and P
SD
out in (31) can be obtained from (9), (27) and (28),
respectively, by replacing PSH and PDF with PSDF.
Now, replacing P SDFout in (31) with P
∗
out, we can numerically
find the corresponding optimal transmit power P ∗SDF which is
then substituted into (30) to obtain the overall energy-per-bit
performance of the SDF PLC system.
Note that when the source-to-relay and relay-to-destination
links are identical, the average outage probability of the SDF
















where 40 = A (f, d0)PSDF, 4 = A (f, d)PSDF and Φ =
σ2w β
p22ξ.
E. Incremental DF Relaying PLC System
The relay in the IDF protocol will only cooperate if re-
quested to do so by the destination modem. To achieve this,
a feedback channel is assumed to exist between the relay
and destination. The availability of this feedback channel
in this protocol allows the relay to avoid unnecessary data
transmission; hence, consuming less power and considerably
improving the energy efficiency. This protocol is based on the
fact that relaying will only take place when the direct-link
is unable to provide sufficient link quality [27]. Under this


















) 2P ∗IDF + 2PTxstc + 3PRxstc
LRb
, (33)
where Eb,IDF is the energy/bit of the IDF system, P ∗IDF is
the optimal transmit power for a given value of the end-
to-end outage probability. The first term in (33) indicates
the energy consumed when the destination modem correctly
decodes the source signal during the first time slot. The
second term however refers to the energy consumption when
none of the modems can correctly decode the source signal.
The third component represents the energy consumption when
cooperation occurs.
The average outage probability of the IDF scheme is equal
to that of the SDF system; therefore, it can be easily obtained
from (31) by making the appropriate notation changes. Fol-
lowing the same procedure as in the previous section, it is
straightforward to find the energy-per-bit for the IDF relaying
PLC system. This is omitted here for the sake of brevity.
IV. NUMERICAL RESULTS
In this section, we present and discuss some numerical ex-
amples of the average outage probability and energy efficiency
expressions derived above. To validate these expressions, we
provide Monte Carlo simulations based on 106 iterations.
Throughout this section, if not specified otherwise, we use
a0 = 9.4 × 10−3, a1 = 4.2 × 10−7, k = 0.7, f = 30 MHz,
SBNR = 25 dB, SINR = −15 dB, p = 0.01, P ∗out = 0.01,































(a) SINR = −10 dB and p = 0.001.































(b) SINR = −15 dBand p = 0.01.
Figure 1: Analytical and simulation results of the average outage probability performance with respect to the source-to-destination distance for the
single-hop (SH), AF, DF and SDF/IDF relaying PLC systems with different noise scenarios.
µm = 1 dB, σ2m = 2 dB, where m ∈ {0, 1, 2}. In addition, we
assume that the relaying PLC modem is placed at the midpoint
between the end modems.
A. Average Outage Probability
In this section, we discuss the average outage probability
performance of the systems under consideration in various
noise scenarios and system configurations. To start with, Fig. 1
illustrates some numerical examples of the outage probability
with respect to the source-to-destination distance for the
single-hop (SH), AF, DF and SDF/IDF relaying systems with
two different impulsive noise scenarios, specifically {SINR =
−10 dB, p = 0.001} and {SINR = −15 dB, p = 0.01}. The
good agreement between the analytical and simulated curves
clearly indicates the accuracy of our theoretical analysis. It
is worth noting that the analytical results for the single-hop,
AF, DF, SDF/IDF systems are obtained using (9), (24), (26)
and (31), respectively. It is clear from both Figs. 1(a) and
1(b) that the SDF and IDF relaying systems always have the
best performance compared to the other schemes irrespective
of the noise characteristics and source-to-destination distance.
The other common observation in the two figures is that the
DF systems outperform the AF approach due to the noise
propagation issue associated with AF relaying. In addition,
it is noticeable that all systems perform poorly when the end-
to-end distance becomes very large (above 900m), which is
intuitive. In such scenarios, more relays are required [12].
Having a closer look at the two figures, it can be observed
that as the distance becomes larger, the performance of the
SDF/IDF systems approaches that of the DF scheme and
the gain gap becomes more pronounced as the noise power
becomes higher. Furthermore, when the impulsive noise is less
sever, i.e., Fig. 1(a), the single-hop system performs better than
the AF-based scheme when the source-to-destination distance
is relatively small, i.e., > 300m whereas when the distance
becomes sufficiently large, i.e., ? 300m, the advantage of
relaying becomes obvious and the AF system achieves better
outage probability. On the other hand, when the impulsive
noise power is high, i.e., Fig. 1(b), the single-hop system
can offer better outage probability performance compared to
AF relaying throughout the distance considered. This can be
justified as follows. When the noise becomes more impulsive
and its power increases, the impact of noise propagation due
to AF relaying becomes more severe resulting in significantly
deteriorated performance at the destination modem. Hence,
single-hop transmission becomes a more attractive solution
under such conditions.
In order to assess the influence of the relay position on
the system performance, we present in Fig. 2 the average
outage probability as a function of the normalized source-
to-relay distance for the DF relaying systems when dsd =
500m, 700m and 1000m. The first observation one can notice
from these results is that, for all systems, the outage prob-
ability is minimized when the relay is placed exactly at the
midpoint between the end modems and that the performance
degrades as the relay is moved towards either the source and
destination. It is also apparent that the SDF/IDF systems have
considerably smaller outage probability in comparison to that
of DF relaying and this performance enhancement becomes
higher as the distance becomes smaller. Another result worth
highlighting on this figure is that increasing the source-to-
destination distance always deteriorates performance. The last
set of results in this section is shown in Fig. 3 which illustrates
the impact of the SBNR on the system performance. As
expected, clearly increasing the SBNR leads to a considerable
performance improvement for all the DF relaying systems. It
is also noticeable that the gain obtained with the SDF/IDF
systems relative to the DF approach becomes higher as the
SBNR increases.





































Figure 2: Average outage probability performance versus the normalized
source-to-relay distance for the DF and SDF/IDF systems with several
end-to-end distances.
B. Energy-Per-Bit Performance
This section focuses on evaluating the energy-per-bit per-
formance of the single-hop, AF, DF, SDF and IDF relaying
systems. Several system parameters are investigated and their
impact on the energy-per-bit performance is illustrated in Fig.
4. This figure shows four sets of results for different system
configurations; more specifically, it considers the following
scenarios:
{
σ2m = 3dB, P
∗









σ2m = 3dB, P
∗




σ2m = 3.5dB, P
∗
out = 0.0001, ξ = 1
}
. All the results in
this section, unless we explicitly specify otherwise, are based
on the following: p = 0.001, SINR = −10dB, SBNR = 25dB
and µm = 4dB, where m ∈ {0, 1, 2}.
It is clear from Fig. 4 that, in all scenarios, the IDF relaying
system is always the most energy efficient followed by the
SDF scheme. This is because of the fact that in the former
scheme, the relay will only cooperate if requested to do so by
the destination modem when the signal from the direct link
does not mean the requirement which eventually saves energy.
Another observation one can notice is that, despite its ease of
implementation in practice, AF relaying has higher energy-per-
bit consumption compared to the DF relaying approach due to
the noise propagation issue discussed briefly in the previous
section. Furthermore, it is interesting to note that the single-
hop approach surpasses AF and DF relaying when the end-
to-end distance is relatively small. This indicates that the use
of conventional AF and DF relaying can be energy-inefficient
when the end modems are not distant enough. This is because
of the increased static power caused by the increased number
of modems. On the other hand, when the distance is large, the
advantage of using relays becomes more visible.
Comparing Figs. 4(a) and 4(b), it can be noticed that
increasing ξ will always require higher energy-per-bit in all
the systems. When the outage probability threshold is smaller,
less energy will be used to meet the system performance; this
































Figure 3: Average outage probability with respect to the source-to-
destination distance for the DF and SDF/IDF systems with several values
of the SBNR plots. Note that the end-to-end distance is set to 700m.
is clear by comparing the results in Figs 4(a) and 4(c). It
can also be observed by comparing Fig 4(a) and 4(d) that
increasing the channel variance from 3dB to 3.5dB while
keeping other system parameters unvaried will considerably
increase the energy-per-bit consumption for all systems. This
can be justified as follows. The PLC channel variance is
affected by the power line network topology and its value
increases as we increase the number of branches between the
transmitting and receiving modems [25], [28]. Consequently,
the channel becomes harsher and the required energy-per-bit
to achieve a given outage probability will be higher resulting
in higher energy consumption.
V. CONCLUSIONS
In this paper, we analyzed the average outage probability
and energy-per-bit performance of the single-hop, AF, DF,
SDF and IDF relaying PLC systems when the channel ex-
periences log-normal fading and impulsive noise. Analytical
expressions of the average outage probability and energy-
per-bit for the aforementioned schemes were derived and
verified with computer simulations. These expressions have
enabled us to make useful comparisons and reach interest-
ing and insightful conclusions. For instance, it was shown
that cooperative relaying, i.e., SDF and IDF, can provide
better outage probability and energy efficiency performance
in comparison to single-hop and non-cooperative AF and
DF systems. Results also indicated that AF relaying does
not always enhance the system performance over the non-
Gaussian PLC channel and its effectiveness is dependent on
the impulsive noise characteristics. In fact, if the noise is very
impulsive, AF relaying may worsen the system performance
compared to the single-hop approach. It was also demonstrated
that increasing the channel variance, i.e., the network branches,
and the spectral efficiency threshold will increase the energy-






























(a) σ2m = 3dB, P
∗






























(b) σ2m = 3dB, P
∗






























(c) σ2m = 3dB, P
∗






























(d) σ2m = 3.5dB, P
∗
out = 0.0001 and ξ = 1.
Figure 4: The energy-per-bit performance as a function of the source-to-destination distance for the single-hop, AF, DF, SDF and IDF PLC systems with
several different system configurations.
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